Background: Fecal immunochemical tests (FITs) are widely used and recommended for colorectal cancer (CRC) screening. Fecal hemoglobin (Hb) may degrade with long transport durations and high ambient temperatures, potentially reducing sensitivity to detect CRC and its precursors. This study aimed at investigating the impact of temperatures and sample travel times on diagnostic performance of a quantitative FIT for detection of advanced neoplasms (AN, CRC, or advanced adenoma). Methods: Participants of screening colonoscopy in south-western Germany conducted a quantitative FIT prior to bowel preparation between February 2012 and June 2016. From available locations and dates of stool sampling and transport, maximum ambient temperatures were linked to 2,870 participants aged 50-79 years and sample return durations were recorded. The impact of ambient temperatures and return duration on FIT sensitivity and specificity was assessed for five different cutoffs between 10 and 25 µg Hb/g feces. Results: At a positivity threshold of 20 µg Hb/g feces, overall sensitivity and specificity for detecting any AN were 40% (95% CI, 35-47%) and 95% (95% CI, 94-96%), respectively. Inverse associations between maximum ambient temperature (median 18.1°C, inter-quartile range [IQR] =11.4-24.9°C) and sensitivity of FIT were observed which were stronger at higher cutoffs. Sample return durations (median 6 days, IQR =4-8 days) were not associated with variable sensitivities or specificities. Conclusion: Hb degredation during fecal sample transportation in summer months may be of some concern for diagnostic performance of the FIT evaluated under routine conditions in a middle-European climate. Keywords: advanced colorectal neoplasm, fecal immunochemical test, ambient temperature, sample travel time, sensitivity, hemoglobin degradation
Introduction
Fecal immunochemical tests (FITs) are widely used and recommended for colorectal cancer (CRC) screening. 1, 2 They measure the hemoglobin (Hb) concentration in fecal samples that are typically sent to a laboratory for analysis. Although FITs were shown to clearly outperform traditional guaiac-based fecal occult blood tests in terms of diagnostic performance, [3] [4] [5] potential Hb degradation, especially, during longer sample travel times and at higher ambient temperatures is of potential concern, as it may reduce sensitivity to detect CRC or its precursors.
Several studies examined the impact of high vs low outside (ambient) temperatures on FIT positivity [6] [7] [8] [9] [10] [11] [12] [13] [14] and the effect of delayed sample travel and processing on Hb concentrations. 13, 15 To date, only one study 9 examined the impact of both temperatures and travel time on positivity and Hb concentrations of FITs conducted at home and sent for analysis and found no association between sample return time and FIT positivity. To our knowledge, no study to date assessed the impact of both temperatures and travel times of FIT on sensitivity and specificity for detecting CRC or its precursors using colonoscopy as reference standard. In our study, we examined the association between outside temperatures, sample travel times, and sensitivity and specificity of a quantitative FIT in a large cohort of participants of screening colonoscopy using results of screening colonoscopy as reference standard for all participants.
Methods study design, study population, and data collection Our analyses were conducted among participants of the BliTz study (Begleitende Evaluierung innovativer Testverfahren zur Darmkrebs-Früherkennung). Details of the BliTz study have been reported elsewhere. [16] [17] [18] [19] In brief, BliTz is a large ongoing study in south-western Germany in which stool samples are collected prior to bowel preparation among participants of screening colonoscopy, and stool tests are evaluated by direct comparison with colonoscopy results. In Germany, screening colonoscopy is offered from age 55 years onward for men and women, although some insurance plans offer screening colonoscopy from younger age onward. Subjects are recruited at a pre-colonoscopy visit in gastroenterology practices. In addition to being asked to collect a stool sample prior to bowel preparation for colonoscopy, participants are asked to fill out a brief self-administered questionnaire including questions on basic sociodemographics, medical history, and factors potentially related to CRC risk.
The ethics committees of the Medical Faculty of Heidelberg University and the Physicians' Chambers of Baden-Württemberg, Rhineland-Palatinate, Saarland, and Hesse approved the study. All participants provided written informed consent. The current analysis included participants recruited from February 2012 until June 2016. During this period, participants received collection tubes containing Hbstabilizing buffer (10 mg stool in 1.7 mL buffer; Sentinel Diagnostics, Milano, Italy, Ref 11561H) to collect stool samples. No changes on the buffer composition were made during the recruitment period. Stool from three different spots was to be collected from one stool sample and put in the collection tube and sealed with a screw cap. After sample collection, the tubes were to be sealed in envelopes. Participants were asked to bring the envelopes to the next post box or post office as soon as possible, from where they were mailed to the study center at the German Cancer Research Center (DKFZ) by regular mail. After arrival, they were kept in the refrigerator at 2-8°C before transporting in a cold chain maintained by cooling pads to the central laboratory (Labor Limbach, Heidelberg, Germany) where they were analyzed. Times from stool sampling until arrival at DKFZ were recorded. Colonoscopy and histology records were obtained from the gastroenterology practices upon completion of screening colonoscopy. Colonoscopists were unaware of FIT results. Two trained extractors independently extracted findings at screening colonoscopy in a standardized manner from colonoscopy and histology records obtained from the gastroenterology practices. 
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Temperature, travel time, and accuracy of fecal immunochemical test and arrival in DKFZ was 4 (IQR =3-5) days, and the median between arrival at DKFZ and laboratory analysis was 2 (IQR =1-3) days.
Temperature data
To estimate the outside temperature at the time of sample collection and traveling, maximum outside temperatures during the days from sampling at the locations of the gastroenterology practices and arrival at DKFZ were recorded. Subjects not providing the date of sample collection were excluded from our analyses because the outside temperatures during sample transport could not be determined. In sensitivity analyses, averages of daily maximum temperatures from sampling until arrival were used as exposure variable. Temperature data for each place and date were extracted from publicly available data of the German Weather Service (Deutscher Wetterdienst). 20 statistical analysis Study participants were described by age, sex, and most advanced finding at screening colonoscopy. The following categories were used to classify subjects according to their most advanced finding at colonoscopy: CRC, advanced adenoma (AA), non-AA, other, or no finding. AAs were defined as adenomas matching at least one of the following criteria: size ≥1 cm, villous or tubulo-villous architecture, or high-grade dysplasia.
Sensitivities and specificities were calculated for any advanced neoplasm (AN, ie, CRC or AA) as outcome. Sensitivity was defined as the share of FIT-positive subjects with AN among all subjects with AN. Specificity was defined as the share of FIT-negative subjects without AN among all subjects free of AN. First, sensitivities were calculated on an aggregated level by months of test conduction.
Distributions of Hb concentrations of FIT according to maximum temperature during sample travel (categories: ≤0°C, 1-4°C, 5-9°C, 10-14°C, 15-19°C, 20-24°C, ≥25°C) and according to sample travel times (categories: 1-3 days, 4-6 days, 7-9 days, 10-12 days, and 13-15 days) were assessed within groups of participants with and without AN.
Then, sensitivity and specificity were calculated according to maximum temperature during sample travel (categories: <10°C, 10-19°C, 20-24°C, ≥25°C) and according to sample travel times (categories: 1-3 days, 4-6 days, 7-9, and ≥10 days) along with corresponding 95% confidence intervals (CIs), for various FIT cutoffs (10, 15, 20, and 25 Hb µg/g stool) in addition to the cutoff recommended by the manufacturer (17 µg/g). In sensitivity analyses, means of daily maximum temperatures during sample travel were used rather than the actual maximum of any day from sampling until arrival.
All statistical analyses were performed using R 21 version 3.3.3. The R package "binom" 22 was used to calculate Clopper-Pearson 95% CIs of proportions. Primary outcome measures were FIT sensitivity for detecting advanced colonoscopy findings according to maximum outside temperature and sample travel time. As secondary outcome, FIT specificity was also examined for different temperature and travel time categories.
Results

study population
From a total of 4,252 subjects, colonoscopy and stool test results were available. A total of 2,870 subjects were finally included in the analyses after exclusion of subjects matching any of the following criteria ( Figure 1 ): unavailable or implausible stool sampling dates (N=504, eg, sample return durations >14 days), not in the relevant age range for screening (<50 or ≥80 years, N=158), previous diagnosis of CRC or inflammatory bowel disease (N=33), colonoscopy in the preceding 5 years (N=247), inadequate bowel preparation (N=414), or incomplete colonoscopy (N=26). Almost equal shares of men (48.7%) and women (51.3%) were included in the analyses (Table 1) . Mean age was 61.9 years. CRC, AA, and non-AAs as most advanced findings were found in 22 (0.8%), 245 (8.5%), and 484 (16.9%) participants, respectively. In 2,119 participants (73.8%), no neoplasms were found.
Temperatures, sample travel times, and hemoglobin concentrations
Approximately, equal proportions of FITs were sent for analysis at averages of daily maximum temperatures during sample traveling below 10°C, between 10°C and 19°C, and of 20°C or higher ( Table 1 ). The median (IQR) of daily maximum temperatures was 18.1°C (11.4-24.9°C). At least 25°C was measured at any day from sampling until arrival in 24% (703/2,870) of subjects, and in 11% of subjects (319/2,870), the average of daily maximum temperatures from sampling to arrival exceeded 25°C. In participants with AN, some differences in median fecal Hb concentrations were observed between stool samples that were exposed to 25°C or higher maximum outside temperatures at any time during traveling and samples collected and traveling at outside temperatures <10°C (13.1 vs 18.7 µg/g) ( Hb concentrations of 4.9 µg/g when temperatures exceeded 25°C compared to 5.3 µg/g during cooler days. No differences in median Hb concentrations were seen when focusing on averages of daily maximum temperatures, neither in subjects with nor without AN.
Median stool sample travel time was 6 days (IQR =4-8 days). Travel times were very similar across the different participating practices. Medians ranged from 5 to 7 days, 25% quartiles from 3 to 5 days, and 75% quartiles from 7 to 10 days. In total, 87.4% of all samples were returned within 1-9 days (Table 1 ). Median Hb concentrations were similar for different sample travel times, both in participants with AN and in participants without AN (Table 2) .
Diagnostic performance
Overall sensitivity and specificity for AN at a positivity threshold of 10 Hb µg/g feces were 54% (95% CI, 48-60%) and 89% (95% CI, 87-90%), respectively. Sensitivity markedly decreased, and specificity increased with increasing FIT cutoffs, reaching 37% (95% CI, 32-44%) and 96% (95% Figure 2 , lower right panel), differences were somewhat stronger, with apparently somewhat lower sensitivities in July and August when outside temperatures were on average higher. Nevertheless, CIs widely overlapped. For instance, at a cutoff of 25 µg/g, sensitivities ranged from 28% (95% CI, 14-45%) in July/August to 41% (95% CI, 27-56%) in January/February.
When assessing the actual daily maximum temperatures on the sample collection and travel days as exposure variable, a trend toward lower sensitivities was seen which was more pronounced at higher FIT cutoffs, with sensitivities being lower by between 5 and 11 percent units at maximum temperatures of 25°C or higher compared to maximum temperatures below 10°C in absolute terms (Table 3 ). There was no major variation of specificity according to maximum temperature. Also, neither sensitivity nor specificity showed any major variation according to sample travel time ( Table 4) .
results of sensitivity analyses
In addition to actual maxima at any day during sample travel, we defined exposure groups according to means of daily maximum temperatures during any day of sample travel. Using this definition, shares of FITs exposed to high temperatures (>25°C) were much smaller (266/2,870=9.3%). Similar to associations with actual maximum temperatures during sample travel, some decrease in sensitivity was observed for the two highest cutoffs when comparing highest vs lowest temperatures (9-11% units), though CIs widely overlapped. Specificities of FIT were largely constant for a given FIT cutoff at different means of daily maximum temperatures (Table S1 ).
Discussion
In this study, we investigated the association between ambient temperature and performance of FIT in a CRC screening population from Germany. For a quantitative FIT conducted at home and returned by subjects to the laboratory for analysis by regular mail, Hb concentrations by outcome, sensitivity, and specificity were examined at five different cutoffs with stratification according to the maximum temperature while returning the FIT and according to different intervals of sample return durations. Hb concentrations were lower in subjects with AN when FIT samples were exposed to ≥25°C, compared to FIT samples exposed to no more than 10°C, and these differences translated into potentially clinically relevant decreases of sensitivity of ~ 5-10 percentage points, depending on the FIT cutoff. Small differences in Hb concentrations were also observed in subjects without AN, where lower Hb concentrations were measured when FIT was subject to ≥25°C. Specificities were slightly higher accordingly (by 1-2 percentage points) at ≥25°C for every cutoff. A possible explanation is degradation of Hb among 
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niedermaier et al subjects with non-advanced findings such as small adenomas or hyperplastic polyps. However, spurious correlations cannot be ruled out due to the rather small case numbers in each temperature group, resulting in widely overlapping CIs. In contrast to temperatures, no relevant differences in FIT results were observed between samples returned within 3 days and samples returned after more than 10 days.
Our study expands previous analyses from the BliTz study in which no differences in FIT performance had been found between fecal samples that were kept frozen until analyses and fecal samples that were sent by regular mail.
14 Twofold increase of the number of the latter samples and specific consideration of actual outside temperatures at individual sample shipping rather than months of FIT conduction and individual sample transportation time enabled much more detailed analysis of the potential impact of these factors on FIT performance.
A recent laboratory experiment found that Hb remained relatively stable for up to 1 week when stored at ambient temperatures (20-22°C), whereas degradation progressed rapidly at higher temperatures. 13 Thus, some decrease in sensitivity and an increase in specificity of FIT when returned at high temperatures were expected. Several previous populationbased studies investigated the association between ambient temperatures and positivity, but not sensitivity and specificity of FIT, 6, [9] [10] [11] [12] 14 and most of them found a negative association between higher temperatures and FIT positivity. The largest study, 6 with nearly 200,000 evaluated FITs conducted in Florence, Italy, indicated that a 1°C increase in temperature decreased FIT positivity by 0.7% and that detection rates for AN were by 13% lower in summer than in winter. Another finding of that study 6 was that average Hb concentrations were relatively stable up to 25°C and markedly dropped at higher temperatures. Further evidence for high Hb stability in FITs up to a certain temperature threshold is provided by a large Australian study. 11 Compared to cool ambient temperatures (≤17.0°C), a weak decrease in FIT positivity (odds ratio: 0.89) was observed at elevated temperatures (17.1-26.0°C). Only at even higher temperature ranges (26.1-35.0°C and >35°C), positivity decreased strongly, by 22% and 41%, respectively. A study from California 12 (N=472,542) found differences in FIT positivity by month, with higher positivity rates during the winter months. Absolute differences in sensitivity of detecting CRC (estimated by record linkage with cancer registry data rather than by comparison with colonoscopy results) were small, however, ranging from 75% in June/ July to 79% in December/January. Furthermore, only one FIT cutoff (20 µg/g) was examined, and the lack of a direct comparison with colonoscopy results hindered determining sensitivity for AAs or any ANs.
In our study, no consistent pattern of a decrease in FIT sensitivity was observed for above-average sample return times. Sensitivities were similar for return durations of 4-6 days (48%) and ≥10 days (50%) as they were for 1-3 days (34%) and 7-9 days (38%). Given the small case numbers in the group with 1-3 days return duration (N=47 ANs) and 
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Temperature, travel time, and accuracy of fecal immunochemical test the claimed Hb stability for 7 days at 15-30°C, 23 the most plausible explanation might be a chance finding. The apparent null result is in line with results from previous studies. One study 9 examined the association between Hb concentrations and return times of FIT. In FITs conducted by screenees, no significant decrease in positivity was seen between subjects returning their FIT within <7 vs >7 days or when comparing FITs returned after 3 or more days with those returned within 2 days. In a laboratory experiment within the same study, no strong decline in Hb concentration was observed for up to 7 days of return time, with a sharp decline only after 10 and more days from sampling. In our study, the vast majority of FITs (87%) were returned within 9 days. Statistical power to quantify the potential influence of even longer return times was thereby limited, given the low number of AN cases where FITs were exposed to these conditions. Invariance of our FIT toward prolonged sample return times may in part also be explained by use of an enhanced buffer, which is claimed to ensure Hb stability for 14 days at 2-8°C and for 7 days at 15-30°C. 23 The CRC detection rate in our study was 0.8% and 8.5% had AA. Several previous studies reported lower CRC prevalences (Morikawa et al, 24 Chiu et al, 25 and Wong et al, 26 0.4% each), although other screening studies also reported higher CRC detection rates (eg, Park et al, 3 1.7%; Carr et al, 27 1.2%). AA detection rates in studies using the same AA definition were typically lower (Chiu et al, 25 2.8%; Wong et al, 26 5.2%). Possible reasons for the relatively high CRC and AA detection rates include the older age of the study population compared to other studies, conduction of the study in a high incidence country, and exclusion of subjects with a previous colonoscopy in the past 5 years who have very low neoplasia detection rates.
As a major strength of our study, colonoscopy was used as reference standard for all included subjects, allowing us to calculate sensitivities and specificities rather than positivity 
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Temperature, travel time, and accuracy of fecal immunochemical test rates only. Sensitivities and specificities were examined at five different FIT cutoffs using the same FIT and the same buffer solution. Actual temperatures for each day from sampling until the beginning of the cold chain were used rather than monthly 9,10 or seasonal 6 averages. Our study is, to our knowledge, the first to investigate the potential influence of both temperature and sample return time on sensitivity and specificity of FIT for several cutoffs. Subjects were recruited from a screening setting and did not conduct FIT or undergo colonoscopy for clarification of symptoms. Approximately 2,900 participants were included, thereof nearly 300 AN cases.
Several limitations of our study have to be kept in mind. Because only a single FIT was conducted by each subject, the hypothetical Hb concentration that would have resulted from exposure to other temperatures or travel times (counterfactual conditional) is unobservable. Investigation of actual Hb degradation would have required a series of FITs from each subject to be analyzed after exposure to a range of simulated travel durations and temperatures. Due to data protection (anonymization), temperatures were allocated by postal code of recruiting practices and not by place of residence of participants. Precision of temperature measurements was further limited to daily maximum temperatures. Although more precise than aggregated temperatures by month, actual temperatures during transport may still have differed, eg, depending on the transport conditions such as in a car with or without air conditioning. Random variation in temperatures due to unmeasurable differences in transport conditions would not introduce bias but reduce precision. Furthermore, the number of FITs conducted during very warm temperatures and returned after a very long time was small. Thus, it cannot be ruled out that a true inverse association between high temperatures and lower sensitivity of the investigated FIT would be somewhat stronger than observed on our study for moderate climate conditions such as encountered in middle Europe and even more so for countries with warmer ambient temperatures. Our analysis focused on one specific FIT and the corresponding equipment (collection tube, buffer solution, analyzer). Although standard equipment of different FITs has been shown to yield comparable results when adjusting cutoffs to achieve the same specificity, 18 potentially relevant differences in Hb stability when using other kits or combinations of components thereof particularly at high temperatures cannot be ruled out. Sessile-serrated adenomas/polyps (SSA/Ps) were not considered in our study because those lesions were not systematically recorded by endoscopists during the early years of study recruitment.
Previous studies indicated that FITs detect only a very small share of SSA/Ps. 28, 29 Finally, as with any screening program, some self-selection of subjects with above-average risk (who undergo "screening" colonoscopy despite the presence of symptoms) or below-average risk (healthy user/screenee bias 30 ) cannot be ruled out, although subjects were recruited who underwent colonoscopy for primary screening.
Conclusion
In conclusion, our results suggest that Hb degradation during fecal sample transportation in summer months may be of some concern for the diagnostic performance of the FIT evaluated in our study under routine conditions in a middleEuropean climate. Such concern may be even more warranted in countries with a warmer climate, in which effective cooling during transport times might be indispensable, or on hot days in countries with moderate climate. In the latter countries, simple avoiding of hot days or periods for FIT testing, or concentration of FIT testing on fall, winter, and spring rather than summer might help to prevent most of potential loss of FIT sensitivity due to Hb degradation. Another option would be use of increasingly available point-of-care rather than remote laboratory analysis for Hb measurements, thereby avoiding unnecessary remote transportation. In a recent head-to-head comparison of nine different FITs, diagnostic performance of point-of-care measurements was no worse than diagnostic performance of laboratory-based tests. 18 Nevertheless, Hb stability should be specifically investigated separately for the specific FIT being employed, given likely but essentially unknown differences in buffers used by different manufacturers.
In no case, concerns about Hb stability should be used as an argument not to make use of the potential of FIT-based screening offers in reducing CRC incidence and mortality. Even if Hb degradation would lead to a moderate loss in sensitivity under unusually warm conditions, a less than perfect FIT or a FIT postponed to a cooler day would still be superior to abstaining from screening due to stability concerns. Further research should, however, focus on ways to ensure maximum possible diagnostic accuracy under any environmental conditions, or to even enhance performance, eg, by combining FITs with other promising early detection markers.
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